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INTRODUCTION
Helicopters are complex machines with many parts in rotational movement used in all kind of weather conditions with changing temperature, air pressure and wind. The main rotor, tail rotor gearbox and turbine engine interacts with the different environmental factors, resulting in a degree of vibration inside the aircraft. This vibration is transmitted to the aircrew at all contact surfaces, including floor, control devices, and seating. It is known that vibration has various effects on exposed workers, low back pain (LBP) being the most common health complaint (6, 19) . LBP is associated with a number of occupations and activities. LBP has numerous different aetiologies and pathophysiology and its presentation is subjective and individual (26) . Low back pain is associated with people who are operating different types of vehicles, taxis (9) , trucks (22) military armoured vehicles (23) , fork lift trucks (5) as well in helicopter pilots (4, 14, 30) . The Norwegian Institute of Aviation Medicine has previously investigated the prevalence of LBP problems in helicopter and fixed wing environments finding that 50% of the helicopter pilots reported such pain in a 2 year period retrospectively.
In the same period fixed wing pilots reported a prevalence of only 18% (14) . In a recent review study helicopter Pilots were found to be the occupational group that had the strongest association with LBP (17) .
Whole body vibration (WBV) has been associated with LBP, sciatic pain, and degenerative change in the spinal system including lumbar intervertebral disc disorders (7) . The European Directive on human exposure to mechanical vibration provides qualitative and quantitative guidance to protect workers against the risks arising from exposure to vibration at work. In the Directive, WBV is defined as ''the mechanical vibration that, when transmitted to the whole body, entails risks to the health and safety of workers, in particular lower-back morbidity and trauma of the spine'' (1). The Directive states that risks from vibration should be minimised and that an employee should not be exposed for more than 1.15 m/s 2 (A (8) exposure limit value) during an eight hour working day measured according to ISO 2631-1 (27) . The exposure action value is 0.5 m/s 2 . These are 8-hour dose measures; therefore a vibration magnitude higher than these thresholds could be allowed if exposure times are less than 8 hours. If the exposure action is exceeded then protective measures should be taken to isolate the worker from vibration, health surveillance implemented and worker training on risks from vibration. The thresholds and required actions are designed to protect workers from negative health effects on the lumbar spine.
In 
Profiles and time spent in each profile
No standard test protocol exists for measurement of vibration in helicopters. In order to standardise measurements each continuous flight was split into separate manoeuvres that were representative for the typical operational use of the specific helicopter type. Measurements were therefore undertaken in 15 different profiles drawn up with the assistance of a test pilot from the RNoAF. Since the helicopters differed and had differing operational characteristics, they were flown at different speeds which were representative in relation to each profile (Table I) . Flights were performed by the same test pilot for all three military helicopters and with different pilots in the civilian helicopters.
In order to compare the military helicopters, assistance from a test pilot from the RNoAF was used to draw up a theoretical distribution between different profiles and converted this into a theoretical working day; 'Military Range' (Table II) . The times are not necessarily representative in all aspects of the detailed operating pattern of every helicopter, but they enable comparisons to be made between all the helicopters if they had performed the same flight profile for 8 hours. Pilots in the RNoAF fly 150-350 hours annually, while pilots in commercial companies operating with transportation to oil rigs in the North Sea fly 700-800 hours per year. However, according to the Directive, risk assessments must be completed on a 'per day' basis, rather than averaged over several days. Commercial pilots' work is more standardised with up to 5-7 hours flying time per day. In order to produce a working day for this group that was as realistic as possible, an experienced pilot from the industry drew up a representative 8 hour working day; 'Civilian Range' (Table II) . The helicopters that operate according to this profile are Sikorsky S-92 and the Eurocopter Super Puma L2. The EC 135 is widely used amongst police and ambulance services and for executive transport and we place it in the civilian range even its operational use may vary from the helicopters used offshore.
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Assessment methods
Whole-body vibration in helicopters was assessed in relation to the European Directive The overall highest axes are used further in the assessment. There was no significant relationship between aircraft speed and vibration magnitudes.
By computing the 8-hour day on every helicopter type one would usually overestimate the vibration levels for a typical working day, as most missions do not last 8-hours. On the other hand since there is no standardised helicopter mission, the vibration level will vary between every mission dependent on the duration. As the EU Directive does not allow for averaging over more than one day, the exposure thresholds need to be assessed for the worst case. In order to compare the vibration levels, both the profiles and working day were standardised. 8 hours were chosen because there are helicopter pilots that could occasionally fly that many hours per day. This is also a standard workday for other workplaces, enabling comparison. for other working patterns and using the data in Table III . These data show that although it could be possible for a pilot to exceed thresholds for health risk, it will be an irregular occurrence, and there would be no instances of exceeding the EU exposure limit value or the upper boundary of the ISO health guidance caution zone in normal operation.
This study indicates that helicopter aircrew should not be in the risk zone for vibrationinduced LBP. However, there is no evidence in the literature that WBV below the action level does not affect the lumbar area in humans and there is no universally agreed threshold for risk / no risk. There are few studies that suggest any dose-response relationship between WBV and back problems and none of these studies have determined any clear level where WBV is safe regarding LBP risk (6, 24) . This is accepted in the Directive, as it states that any risk from vibration should be minimised, irrespective of the magnitude. One longitudinal study has described the problem of precisely quantifying vibration load in connection with evaluation of low-back disorders. It is also difficult to isolate and evaluate the effect of a single strain like vibration when several occupational strain sources are present (24) .
The posture of all pilots was slightly forward with a decreased or absent lordosis of the lower back together with a slight scoliosis to the left side due to the collective. This is typical and is present in all helicopters while flying actively. As civilian helicopters flying in the North Sea generally have more advanced autopilot systems, it could be hypothesized that this gives pilots a greater opportunity for rest and postural variation. Future research should identify and assess these postural changes using more objective methods.
A review paper on the association between sitting and occupational LBP points out that helicopter pilots are the occupational group that has the strongest association with LBP, suggesting the pilots' awkward sitting posture in helicopter as a major factor (17) . These results coincide with a number of other studies, where posture is mentioned as the more important etiological factor (8, 25, 30) . The high incidence of LBP is suggested to be a pilot problem, since pilots needs to adopt a twisted, forward-bent position, more than a general crew problem. In one study helicopter pilots reported LBP six times more often than other crew members (14) . A cross-over study with pilots flying alternately in the front and rear positions was used to assess the effect of crew position on the prevalence of LBP during flight. In the pilot's seat there was an increased prevalence of pain, the onset of pain was quicker and the intensity was greater (11) . This has been investigated by others where those sitting in a fixed position had higher incidence of LBP compared to those who were allowed to move more freely (31) . That there is a link between spinal posture and LBP is therefore well established, but the mechanics and biological processes in various postures that lead to LBP are not fully understood (20) .
Even if posture seems to be an important factor alone, there are indications that the influence of vibration and posture together will increase the prevalence for LBP (21) . By comparing helicopter pilots with fixed-wing pilots, LBP occurrence during a two year period for fixedwing pilots was 18,2% and for helicopter pilots 50,5% (14) . Fixed wing pilots have a relatively neutral posture and are not forced to sit leaning in a forward and twisted position. It is also known that the normal vibration levels in fixed wing aircraft are less than that in helicopters (33) . Vibration levels measured in C-130J (Lockheed Martin, Fort Worth, Texas, USA) are only ≈0.1 m/s 2 during cruise 240 knots JAS in captain and co-pilot position and much lower compared to helicopters as measured here.
Any tool for assessing combined vibration and postural risk should work for no vibration conditions. Describing and appropriately assessing an awkward posture is a challenge.
Common posture assessment tools lack sensitivity and are not designed for seated postures, or for scenarios where the subject is required to use both arms and legs dynamically, such as that required for a helicopter pilot (28) .
The spine itself is an unstable structure and adequate stability has to be provided by the musculature (29) . It is known that posture affects the muscular activity in the lower back region and studies show that a twisted position results in asymmetric trunk muscular activity with increased agonist activity with increased angle of twist. All muscular activity, depending on the duration and physical load will result in muscle fatigue (2, 12) . During isometric muscle work in an asymmetric twisted posture it is assumed that contraction causes increased tissue pressure resulting in compromised perfusion and tissue hypoxia. Tissue hypoxia accelerates the muscle fatigue process and prolonged contraction inducing hypoxia could therefore be an explanation for low back pain (15) . The individual variation in muscle activation during asymmetric posture is large and this variation could give a clue to why some subjects develop LBP and other do not (32) . Lumbar back muscle activity of helicopter pilots tested in real helicopter environments showed EMG activity corresponding to less than 5% of maximal voluntary contraction on both sides of erector spinea (ES) according to a study that did not reveal any posture effect. The EMG level was comparable to a seated person outside a helicopter environment (10) . Still various studies show different results. One helicopter mock up study revealed increased right sided EMG activity on ES muscle during a simulated flight.
The findings were related to asymmetric posture (18) . That there is a link between spinal posture and LBP is therefore well established, but the mechanics and biological processes in various postures that lead to LBP are not fully understood (20) .
There Degenerative changes seemed to be associated with older age rather than aircraft type (16) .
Disc degeneration in general has a complex multifactorial aetiology and it is difficult to determine whether the condition is genetic, due simply to ageing, or traumatic (13) . A retrospective twin study suggest that disc degeneration may be explained primarily by genetic influences and only to a lesser extent influenced by working environment factors often 
